We quantitatively analyzed the effect of graded left anterior descending and septal coronary flow (LAD + septal flow) reduction on left ventricular function with a left ventricular end-diastolic pressure (LVEDP) of 6 mm Hg and 12 mm Hg. We used an isolated, ejecting, canine heart preparation (n = 8), the coronary flow of which could be controlled independently of the aortic pressure. We kept the other hemodynamic variables heart rate, left circumflex coronary flow, right coronary flow and aortic input impedance constant within their normal physiologic range. We considered this reduction in LAD + septal flow to be analogous to that of the most frequent lesion in ischemic heart disease. There was no plateau in the left ventricular work caused by this reduction of the regional coronary flow.
QUANTITATIVE ANALYSES of the effect of regional coronary flow reduction on ventricular work1, 2 have shown that left ventricular work is maintained despite moderate regional coronary flow reduction.
These reports, however, deal only with stenosis, or flow reduction, of the distal segment of the left anterior descending coronary artery (LAD)2 or of the left main coronary artery.3 However, stenosis in the proximal portion of the LAD artery induces flow reduction of the LAD and septal coronary arteries (LAD + septal artery) that we see most often in clinical cases. 4 The aims of this experimental study were: (1) to quantitatively analyze the effect of LAD and septal coronary arterial flow (LAD + septal flow) reduction on left ventricular function using a canine heart preparation. We considered this kind of coronary flow reduction to be comparable to segmental stenosis in the proximal portion of the LAD artery in man. (2) To clarify the effect of left ventricular end-diastolic pressure (LVEDP) on the relationship between LAD + septal flow and the left ventricular work, because LVEDP has been reported to change significantly in regional ischemia. '-3 We developed an isolated ejecting canine heart preparation5 and a physical model equivalent to the canine systemic circulation,6 the coronary arterial flow of which could be controlled independent of the aortic pressure.
With this preparation, we produced a stepwise graded reduction of the LAD + septal flow, keeping the heart rate, LVEDP, aortic input impedance, and left circumflex (LC) and right coronary (RC) arterial flow constant, while measuring the response in left ventricular performance. We performed this procedure at two levels of LVEDP, 6 mm Hg and 12 mm Hg. The hearts of eight adult mongrel dogs (13-18 kg in body weight) were isolated; another dog was used as a support for the coronary circulation of each isolated heart. We also had a standby dog for each support dog to obtain blood for transfusion as needed. We maintained the hemoglobin and hematocrit constant within the physiologic range.
Anesthesia was induced intravenously with pentobarbital sodium, 30 mg/kg. Respiration was controlled with a Harvard ventilatory pump after intubation with a cuffed endotracheal tube.
After the bilateral thoracotomy, a glass cannula was inserted into the ascending aorta through the brachiocephalic artery, and the distal portion of the aorta was ligated.
We placed a square-wave electromagnetic flowmeter (Nihon Kohden, at the proximal portion of the cannula and connected a pressure transducer (Toyo-Bauldwin, LPU-0.5) to the side tube at the point closest to the electromagnetic flowmeter.
We maintained the coronary flow rate at 50-100 ml/min and the perfusion pressure at 70-100 mm Hg by adjusting the dial of the peristaltic pump (Harvard Apparatus, Type 1215). This method of coronary perfusion was continued until the cannulation of each coronary artery was accomplished. The heart was then excised from the thorax while the coronary arterial flow was kept constant. 
Coronary Circulation Circuit
The coronary circulation circuit of the preparation is illustrated in figure 1 .
The proximal portion of the RC artery and the LC coronary arterial blood gas and/or hemoglobin to be within the physiologic range by ventilatory adjustment and NaHCO3 infusion and/or blood transfusion, as necessary. We maintained the arterial Po2 at 80-95 mm Hg, the pH at 7.30-7.45; and the hemoglobin at 10-16 g/dl throughout the experiment. We used 10,000 units of heparin to prime the system and 5000 units every hour to maintain the circulation.
The Systemic Circulation Circuit
The systemic circulation circuit ( fig. 1 ) consisted of a preload reservoir, an isolated heart, a physical model equivalent to the canine arterial system, an afterload reservoir, a heat exchanger unit (set at 37°C), a water pump and a microfilter (the same type used in the coronary circulation setup). The systemic circuit was independent of the coronary circuit whether through the line of the ligated left main coronary artery or through the line of the ligated proximal portion of the RC artery.
The physical model, which was connected to the proximal portion of the ascending aorta of the heart, consisted of four components that represented four kinds of impedance: a characteristic resistance component, an inertial component, a capacitance component and a peripheral resistance component.6 These four components represented the viscous resistance of the great vessels, the inertia of the pulsatile flow in the great vessels, the compliance of the great vessels and the resistance of the arteriolar region, respectively.
We set the impedance of the physical model as follows: the characteristic resistance was 200 dyn-seccm 5, the inertia was 10 dyn-sec2-cm-5, compliance was 100 X 0.99 X 10-6 dyn-cm-5 (100 ml of air volume in the compression chamber), and the peripheral resistance was 10.6 X 103 dyn-sec-cm-5. We tested the physical model by the oscillation test using a peristaltic pump,6 and thereby confirmed that it produced a frequency response equivalent to that of the canine input impedance, about 0-8 Hz.
Thus, we regarded these settings of the physical model as normal and kept the values unchanged throughout the experiment.
The saline, which was ejected through the physical model, was collected in the reservoir and raised up to the preload reservoir, which was connected to the left atrium, via a heat exchanger unit (set at 37°C) and a filter with a peristaltic pump.
The heart rate was kept constant by pacing.
Platinum electrodes were fitted to the upper junctional portion after producing complete atrioventricular block by injecting 1 ml of liquid formaldehyde.
Measurements
The aortic pressure was measured with a pressure transducer (Toyo Bauldwin, LPU-0.5) connected to a stiff polyvinyl tube in the proximal portion of the physical model.
The left ventricular pressure was measured by the same system using a stiff polyvinyl tube punctured into the left ventricular cavity through the apex of the heart. These connecting tubes for measuring the aortic pressure and the left ventricular pressure had an inside diameter of 3 mm and were 15 mm long. The resonant frequency of this catheter manometer system was 163 Hz, using the "pop" method,7 and the damping factor was 0.198. (Gain increased 10% and phase shifted by 50 at about 50 Hz.) The common zero reference point of pressure was placed at the center of the left ventricle.
The cardiac output was measured directly by the measuring cylinder placed at the distal end of the physical model and was calculated planimetrically from the aortic flow pattern obtained with an electromagnetic flowmeter at the proximal portion of the physical model. Calibration of the electromagnetic flowmeter was carried out with a steady flow of saline, and sufficient linearity was obtained in the measured flow range. The frequency response of this system was 1 db down at 50 Hz.
The coronary perfusion pressure and the coronary blood flow were measured with a pressure transducer (Toyo-Bauldwin, LPU-0.5) and a square-wave electromagnetic flowmeter (Nihon Kohden, MF-46) set at the proximal portion of each coronary arterial cannula.
The left ventricular surface electrogram was recorded by fixing the silver-tip electrode to the left ventricular epicardial surface to assure that no ischemic pattern was obtained under the conditions of the control coronary flow.
These measurements were recorded on a directwriting oscillograph (San-Ei Sokki, Type 8s, or Siemens-Erma, Mingograph 804). They were also recorded on an analog tape recorder (Sony Magnescale Inc., Type 3915).
Procedures
The LVEDP was kept constant at 6 mm Hg. The impedance of the physical model was set at normal, as described previously. The heart rate was maintained at 120 beats/min by fixed junctional pacing
The heart was perfused under equal coronary perfusion pressure with the stopcocks of the connecting tubes open. At the outset, we set the perfusion pressure to 80-100 mm Hg by turning the dial of the peristaltic pump. Each coronary flow rate was then read and taken as the control value. Then, the stopcocks of the coronary circuit were closed and the coronary perfusion was maintained at a constant flow by adjusting the rate of each peristaltic pump. We took the resulting flow rates of the RC and LC as control values.
To decide the means of regional coronary flow reduction, we made a preliminary examination of the difference of the effect on the peak left ventricular pressure resulting from the stepwise graded LAD + septal flow reduction and that of the reduction by the interposition of the control value of coronary flow at each stage ( fig. 2 ). We could not find any significant difference between the former and the latter. Thus, for the sake of simplicity, we adopted the stepwise graded reduction of LAD + septal flow in this experiment. The LAD + septal flow was set at the control value initially and was subsequently reduced by about 20%. We retained this value of the LAD + septal flow until the left ventricular function reached a steady condition (3-6 minutes), and then reduced it again by the same amount, i.e., 20% of the control value. This stepwise, regional coronary arterial flow reduction was repeated until the LAD + septal flow was decreased to about 20% of the control value; then, the regional coronary arterial flow was increased to the initial control value to assure the reproducibility of the experiment and to calculate the magnitude of deterioration that had taken place in left ventricular function during the experiment.
To clarify the effect of the change in LVEDP on the relationship between regional coronary flow reduction and left ventricular work, we repeated the same experimental procedures at 12 mm Hg of LVEDP.
After the experiments were completed, the heart weight of each coronary arterial perfusion area along the anatomy of the coronary artery was measured and the data concerning coronary blood flow were normalized with respect to the heart weight.
The group data at each level of coronary regional flow are expressed as mean ± SEM, using the unpaired t test with n -1 degrees of freedom for statistical analysis.
Results
The hearts weighed 180-120 g (n = 8). The area perfused with LAD + septal flow was 55 ± 5% of the total left ventricular weight. Considering that the coronary arterial flow is determined by the mean aortic pressure in the normal in vivo condition, it may be useful to point out the level of coronary arterial flow at which the perfusion pressure was equivalent to the mean aortic pressure (autoperfusion as defined by Downey8), as well as the absolute values of the coronary flow. The autoperfusion was at the level of 60 ± 10 ml/min/IOOgLV of LAD + septal flow in the condition of 6 mm Hg of LVEDP. figure 5 and table 2. At 6 mm Hg of LVEDP, peak left ventricular pressure, cardiac output and left ventricular work were 83.0 ± 8.6 mm Hg (mean ± SEM); 760.3 ± 100.2 ml/min; and (56.9 ± 6.6) X 103 mm Hg ml/min for each value in the normal range of the regional coronary flow of 100 ± 10 ml/min/lOgLV. These values of left ventricular function were decreased when the LAD + septal flow was reduced.
The left ventricular work decreased significantly (p < 0.05 at [37.0 ± 5.5] X 103 mm Hg ml/min) as the regional coronary flow was reduced to 80 ± 10 ml/min/IOOgLV, while the peak left ventricular pressure and the cardiac output decreased significantly (66.5 ± 2.2 mm Hg and 497.1 ± 51.0 ml/min, respectively) at the lower range of 40 ± 10 ml/min/lOOgLV of the regional coronary flow.
When the LVEDP was 12 mm Hg, the peak left ventricular pressure, cardiac output and left ventricular work assumed values in the normal flow range -124.6 ± 8.5 mm Hg, 1046.7 ± 104.1 ml/min, and (112.9 ± 18.0) X 103 mm Hg ml/min, respectively. When the LAD + septal flow was reduced to 80 ± 10 ml/min/lOOgLV, the peak left ventricular pressure and left ventricular work decreased significantly (p < 0.05). The cardiac output assumed the value of 890.0 ± 73.6 ml/min, which was lower than the corresponding value in the normal regional coronary flow, and it was significantly decreased (p < 0.01), to 726.8 ± 51.4 ml/min, at the regional coronary blood flow rate of 60 ± 10 ml/min/lOOgLV. Gensini and Buonanno also reported, in a study of 100 patients with ischemic heart disease, that 57 patients showed a lesion in the LAD and 39 patients showed it in the LC artery.9 Schlesinger and Zoll reported that the atheromatous lesion was localized at the proximal portion of the LAD. 10 Anatomically, stenosis of the proximal portion of the LAD induced reduction of both the LAD and septal coronary flow because septal coronary arteries originate from the LAD artery in man." Thus, it is difficult to apply the results of previous reports to clinical situations that involve ischemic heart disease. We analyzed the quantitative relationship between the LAD + septal flow and left ventricular function, keeping other hemodynamic factors constant: aortic input impedance, heart rate and the flow rate of both the RC and LC arteries during the regional ischemia; we also examined this relationship at two levels of LVEDP (6 mm Hg and 12 mm Hg).
A Physical Model of Canine Systemic Circulation
We used a physical model of the canine systemic circulation that had four components, corresponding Although we induced severe ischemia during our study, we may conclude that the preparation was stable enough during the experimental procedure, for no experiment showed a change of greater than 15% difference of peak left ventricular pressure during its course; about half of the experiments showed a change of less than 5%. We conclude that the preparation was viable and functioned well for three reasons:
(1) The peak left ventricular pressure of the normal coronary flow at the level of 12 mm Hg of LVEDP was 124.6 ± 8.5 mm Hg. These values of the ejecting beat are comparable to those of the isovolumic beat reported by Weber et al. '5 They reported that the isovolumic left ventricular pressure was about 139 mm Hg under 10 ± 2 mm Hg of LVEDP, and they postulated that their study was accomplished with a properly functioning preparation.
(2) The left ventricular surface electrogram showed no ischemic pattern under normal coronary flow condition. ( 3) The myocardial oxygen consumption of the left ventricle was 6.5 ± 0.5 ml/min/lOgLV under the normal coronary arterial flow condition at 12 mm Hg of LVEDP. This value of myocardial oxygen consumption was similar to the value of 8 ml/ min/IOOgLV reported as normal in the canine openchest study of Daniell'6 and the canine open-chest isovolumic heart preparation of Abel and Reis.'7 Lekven et al.3 reported that no constant condition was obtained under severe ischemia, but we could recognize a steady state of left ventricular function even in the case of severe ischemia. Therefore, we considered our preparation stable and reproducible. This may in part be the result of maintaining the LC and RC flow at the control level in our experiment; in the study of Lekven et al., the coronary flow decreased along with aortic pressure under severe ischemia to cause even further deterioration of left ventricular function.
Regional Coronary Flow Reduction and Mechanical Stenosis of the Coronary Vessel
The relationship of coronary stenosis and coronary arterial flow must be understood in order to apply our data to a clinical situation. This is because we generally determine the severity of ischemic heart disease by measuring the magnitude of the stenosis of the coronary artery, which is demonstrated by coronary arteriography.
Gould et al.,'8 using a canine open-chest preparation, showed that resting coronary arterial flow began to decrease when segmental stenosis was about 85%. Thus, we could consider coronary arterial stenosis to be greater than 85% for the range of flow we examined in this study. However, Gould and Lipscomb showed that the effect of coronary arterial stenosis on coronary arterial flow differs according to the condition of the heart; i.e., it is inadequate to determine the severity of the lesion solely by grading the stenosis without reference to the general heart condition.'7 52 CI RCULATION FLOW REDUCTION AND LV FUNCTION/Koiwa et al.
Therefore, we considered regional coronary arterial flow reduction preferable to mechanical stenosis of the coronary vessel as a means of assessing the severity of ischemic heart disease.
The Effect of Regional Coronary Flow Reduction on Left Ventricular Function
Regional mechanical performance has been shown to decrease with the reduction of regional coronary flow.8' 20, 21 Forrester et al., 20 using a canine open-chest preparation, reported that the left ventricular regional function (determined by the area of the left ventricular pressure-segmental length loop) decreased linearly as LAD flow was reduced. Downey8 used a canine openchest preparation with force gauges to measure the segmental contractile force. He concluded that it was highly dependent on the coronary flow rate when the perfusion level was below the rate of autoperfusion. Stowe et al.21 developed a model of regional ischemia in pigs, and reported that the total segmental work decreased proportionately to the decrease in LAD flow.
As for the effect of the regional coronary flow reduction on global left ventricular function, however, several investigators have reported that left ventricular work was maintained despite moderate regional coronary flow reduction.'-3 21 Lekven et al. 3 reported that a 23% decrease of oxygen supply caused no significant change in left ventricular work, but a 50.5% decrease produced a significant depression of the ventricular work -up to 62.8% of the normal value. When they reduced the oxygen supply to the lower values, cardiac output and left ventricular work could not be kept stable. Wyatt et al. ' reported that there was a plateau phase in left ventricular work up to the point where the distal LAD flow was reduced to 50%; that is, there was no significant depression of left ventricular work until that point. Waters et al.' also reported that in the canine open-chest preparation, LVEDP, stroke volume and stroke work did not change significantly until the LAD flow was reduced to 48 ± 4%; they explained that there was a plateau phase in left ventricular function despite the marked reduction of regional coronary blood flow. Stowe et al.2" reported that left ventricular work began to decrease as the LAD flow was reduced to 25% of the control value and concluded that the capacity of the whole heart to function normally was impaired only when ischemia was severe.
However, we did not find a plateau phase in left ventricular work with LAD + septal flow reduction. In our study the depression of left ventricular work directly correlated with the reduction of regional coronary arterial flow.
A question may arise about the presence of a plateau phase at the level of 6 mm Hg of LVEDP, so it may be useful to correlate the levels of coronary arterial flow in our experiments with those in the clinical situation. Therefore, we calculated the rate of coronary flow at autoperfusion (coronary perfusion pressure mean aortic pressure, as defined by Downey), as well as the absolute value of coronary arterial flow. The autoperfusion rate was 60 ± 10 ml/min/IOOgLV at 6 mm Hg of LVEDP and 100 + 10 ml/min/l10gLV at 12 mm Hg. By increasing the coronary flow beyond the rate of autoperfusion at 6 mm Hg of LVEDP, cardiac output and peak left ventricular pressure did not change significantly, although a tendency to increase was recognized. However, the left ventricular work was significantly increased (p < 0.05) at the flow rate beyond autoperfusion; but still, no plateau was obtained. We can speculate that the different shapes of the function curve at 6 and 12 mm Hg in the range of (60 ± 10 to 100 ± 10) ml/min/100 gLV occurs because the coronary arterial flow might be hyperperfused at 6 mm Hg, but hypoperfused at 12 mm Hg.
In previous studies, LVEDP has not been strictly controlled at a constant level.'-' Wyatt et al.' only mentioned that the level of LVEDP was 5-10 mm Hg. Waters et al. reported that the LVEDP was elevated with the development of regional ischemia, although at the beginning of the experiment (during normal coronary arterial flow) it was about 3-6 mm Hg. Lekven et al.3 indicated a significant elevation of LVEDP to 11.0 mm Hg at a regional coronary flow reduction of 50%, although at the beginning of the experiment (during normal coronary arterial flow) it was about 3.1 mm Hg. Stowe et al.21 also examined the change in LVEDP and reported that the LVEDP tended to increase with severe hypoperfusion of the coronary artery. Thus, we concluded that the maintenance of LVEDP at a constant value was necessary to reveal the relationship of the left ventricular work to the reduction of regional coronary arterial flow. Figure 6 shows the relationship between the regional coronary flow and the left ventricular work from previous experiments in vivo and those of our experiments. If LVEDP does not change with regional ischemia, the left ventricular work decreases from normal (LVWj) to the lower values (LVW2); however, the elevation of LVEDP does occur in regional ischemia as described in previous studies, and this elevation results in the recovery of the function (from LVW2 to LVW.). This recovery of the left ventricular work causes less depression in the plateau phase (from LVWI to LVW.). If the regional coronary flow is reduced more severely (QLAD+Sep [4, 5] ), the LVEDP is elevated to a higher level; however, the compensation for the decrease in left ventricular work (from LVW4 to LVWj) may be incomplete, as is the case in severe ischemia.
Another explanation for the absence of the plateau phase in our experiments is that the difference in the amount of the ischemic area might have caused the discrepancy between our results and those of others. We could not clarify how the amount of ischemic area affects the plateau phase in left ventricular work because different species were used in each experiment, LVEDP differed under control conditions, and only the first few stages of ischemia were mentioned in 753 previous reports. Moreover, despite the fact that the amount of ischemic area ranged from almost the entire left ventricle, excluding only a small area in the posterior septum, which was perfused by the RC artery,3 22 to about 30% of the left ventricle perfused by the distal LAD artery,2 there was no discrepancy as far as the presence of the plateau phase was concerned. However, considering a report using a rat preparation that stated that the depression of left ventricular work was correlated proportionately to the amount of the ischemic area,23 a report that the elevation of LVEDP was much more evident in severe hypoperfusion,8 and a report that the segmental performance could decline with even small reductions of regional coronary flow even when no compensatory elevation in LVEDP occurred and the left ventricular function was maintained at a constant level,21 we concluded that the amount of the ischemic area played some role in the existence and the extent of the plateau phase, even though we do not have conclusive evidence of these relationships.
Another factor to be considered was the change in the left ventricular diastolic compliance that may be induced by regional ischemia. If 29 and the fact that our own experimental procedure at constant LVEDP was accomplished within 1 hour, we felt that we need not consider the change in the left ventricular diastolic compliance as the major factor for the disappearance of the plateau phase in the left ventricular work. However, this issue is still controversial, so we cannot exclude the possibility that a change in the left ventricular diastolic compliance could be caused by regional ischemia.
Limitations and Clinical Implications
We examined the effect of stenosis of the proximal portion of the LAD artery on left ventricular function because this lesion is the most frequently found in clinical cases4' 9 and can induce serious results, such as cardiogenic shock and congestive heart failure. 30 Our study provides fundamental knowledge of ischemic heart disease. But in applying the results of this study to the clinical field, we must reconstruct the physiopathology of the disease by superimposing the influence of many factors, which are disregarded by necessity in this study, namely, the neurohumoral control mechanism and the feedback mechanism between the coronary and the systemic circulation.31 Braunwald32 reported that there is a cycle in the relationship between regional coronary flow reduction and left ventricular function in vivo. The mechanism of this cycle is explained as follows: In serious regional ischemia, the left ventricular pressure and the aortic pressure cannot be maintained despite the elevation of LVEDP or the peripheral resistance;31 thus, the aortic pressure is lowered. This lowering of aortic pressure, i.e., perfusion pressure, causes a further reduction of coronary blood flow in both the ischemic area and the nonischemic area. It may be compensated for in some degree by the reduction of coronary vascular resistance, but this compensation cannot be effective in the lower levels of coronary perfusion pressure.T his results in still further lowering of the left ventricular and aortic pressures, and the cycle repeats itself.
One possible clinical implication for this study is that regional coronary flow reduction causes a proportionate deterioration of myocardial contractility, although in some cases left ventricular function appears to be maintained; that is, even if the left ventricular work, peak left ventricular pressure and the cardiac output appear to be unchanged in spite of the reperfusion of regional coronary flow in patients with ischemic heart disease, we may still consider cardiac function to be improved, and these results may be manifested by the modification of other factors, e.g., the lowering of LVEDP, the change in heart rate and the change of tone in the sympathetic nervous system. These phenomena are described in some reports of postoperative left ventricular function in patients with ischemic heart disease, where an elevation of LVEDP in patients with an occluded aortocoronary bypass graft was noted, as well as a decrease of LVEDP in those with a patent bypass graft.33 ' 34 We have documented a quantitative relationship between regional coronary flow and the left ventricular work, using a model analogous to the most common lesion of ischemic heart disease in man, stenosis in the proximal portion of the LAD. We have also demonstrated to our satisfaction that when LVEDP is held constant, there is no plateau phase in left ventricular function related to the reduction of regional coronary flow. 754 ClIRCULATION
